A study of the accumulation by a brewer's yeast of six sulphur-containing amino acids labelled with sulphur-35 showed several distinct patterns of uptake. L-Methionine was accumulated rapidly and completely from the medium, L-cysteine was taken up slowly, and L-cystine not a t all. DLEthionine accumulation was incomplete. S-Methyl-L-cysteine and S-ethyl-L-cysteine were taken up rapidly for a short period, and part of the sulphur of these compounds was then released into the medium. Accumulation of the sulphur amino acids was inhibited by certain other amino acids with a close structural relationship to them and when present in high concentration. Cysteine uptake was enhanced by the presence of reduced glutathione. These effects on accumulation were shown to be primarily changes in the transport of the sulphur amino acids into the yeast, although subsequent incorporation into protein may also be affected.
INTRODUCTION
Previous studies (Maw, 1960 (Maw, , 1961a on the ability of various compounds to act as sources of sulphur for the growth of a strain of Saccharornyces cerevisiae indicated marked differences between the sulphur-containing amino acids. Whereas L-methionine was almost as effective a sulphur source as inorganic sulphate, S-methyl-L-cysteine was poorly so, and L-cysteine, S-ethyl-L-cysteine and Lethionine were inhibitory of growth. In view of these findings the mode of uptake of these compounds and the extent of utilization of their sulphur by the yeast was examined. The present paper deals with a comparison of the rates of uptake by yeast suspensions of sulphate and six sulphur-containing amino acids, the compounds used being labelled with sulphur-35. Striking differences in rate and pattern of uptake were found which have a bearing on some of the findings of the growth experiments reported earlier ; for example, the differences in effectiveness between methionine, cysteine and S-methylcysteine when used as sulphur sources. An examination of the effects on the uptake of the labelled compounds of several related compounds was also made, to provide information on the specificity of the uptake mechanisms. In several instances changes in uptake of the sulphur amino acids were observed, although in general a high concentration of added compound was necessary to produce any marked effect. Trichloroacetic acid fractionation of materials containing the labelled sulphur which entered the yeast was then carried out to determine whether the changes which occurred were due entirely to effects on the amino acid transport mechanism, or whether other factors, such as intracellular incorporation, were involved. A preliminary account of some aspects of this work has already been reported (Maw, 1 9 6 1~) .
Szclphur amino acid uptake by yeast the appropriate carrier to a specific activity of about 50 ,uC/m-mole and made up in the medium to a final strength of 0.156 miu (equivalent to 5 mg. S/l.) unless otherwise stated. At this concentration the compounds when assayed by the methods described below gave counting rates of about 6000 counts/min./lO ml medium.
Measurements of the uptake of the various sulphur compounds were carried out in 25 ml. conical flasks containing a total fluid volume of 10 ml., consisting of 5 ml. sulphate-free medium of twice the required strength (Maw, 1960) , 1 ml. yeast suspension (20% wet weight pressed yeast/vol.) and the labelled compound under study, together with other additions if any, in 4 ml. The flasks were loosely capped and shaken at 100 oscillations/min. in a thermostat at 30'. At suitable times pairs of flasks were removed from the bath, cooled in ice, and the contents of each centrifuged for 1 min. in pre-cooled tubes in a Camlab bench angle centrifuge at 1200 g. The supernatant fluids were decanted into a second pair of pre-cooled tubes and again centrifuged for 1 min. The temperature of the contents of the tubes did not rise above 4' during these stages. The final supernatant fluids, free from yeast, were removed and 5ml. of each used for the assay of sulphur-35. When determinations were being carried out on the yeast itself, the organisms were washed by two resuspensions in ice-cold saline and centrifugation in pre-cooled tubes as before.
Extraction of yeast with trichloroacetic acid. The yeast pellet obtained by centrifugation from each flask in uptake experiments was resuspended in 10 ml. ice-cold 5% (w/v) trichloroacetic acid (TCA) in a tube placed in ice. The suspension was stirred at intervals, and after 2 hr. it was centrifuged and the precipitate washed by two resuspensions in ice-cold water and centrifugation in pre-cooled tubes.
Assay of 35S-su1phate irz the medium. In studies on the uptake of labelled sulphate, 5 ml. of the centrifuged medium were pipetted into a tube containing 5 ml. of Na2S0, solution (0.45 g./l.), The contents of the tube were adjusted to pH 2.8, 2 ml. of aqueous 1.6% (w/v) benzidine hydrochloride added, followed 2 min. later by 4 ml. of 95% (v/v) ethanol in water. After standing for 10 min. the precipitate of benzidine sulphate was collected by filtration as a 16 mm. disk on an 18 mm. diameter Whatman No. 1 filter paper. The paper and disk were mounted by means of Perspex cement in an aluminium planchet, and dried in a desiccator for 1 hr. The activity of the sample was determined with the aid of a thin window (1.5 mg./ cm.2) Geiger-Muller tube. The paper and benzidine sulphate disk were then removed from the planchet, and the weight of benzidine sulphate present determined by titration with 0.01 N-NaOH. The radioactivity counts were corrected for the resolving time of the equipment, for self-absorption by the disk and for background activity.
Since the incubation medium used contained only a low concentration of sulphate (0.312 miu), the addition of sodium sulphate during the assay was necessary to give an amount of benzidine sulphate (about 5 mg.) sufficient to ensure complete precipitation of the labelled sulphate under the conditions described and t o provide a disk of uniform thickness. To obtain benzidine sulphate disks of a suitably fine and uniform texture which would spread evenly during filtration and which would not curl or fritter on drying, it was also found necessary to carry out the precipitation with a minimum of acid present, namely by using the minimum amount of HC1 to prepare the benzidine hydrochloride. G. A. MAW Assay of ~r g a n i c -~~S .
Labelled organic-S was first converted to inorganic sulphate by a modification of Benedict's procedure (Benedict, 1909) , and then precipitated as benzidine sulphate as described above. Samples ( 5 ml.) of medium were evaporated to dryness in silica crucibles with the copper nitrate reagent, heated in a furnace a t 460' overnight, and finally transferred with 5 ml. water to tubes containing 5 ml. Na,SO, solution (0.45 g./l.). Samples of yeast and of the TCA-insoluble fraction of yeast were assayed in a similar manner after being transferred to crucibles with 8 ml. water together with 2.5 ml. of the sulphate-free medium. The original Benedict method gives incomplete conversion to sulphate of several sulphur compounds, including methionine, ethionine and the alkylcysteines, although cysteine, cystine and glutathione are quantitatively oxidized. It was found in the present experiments that the presence of the incubation medium in the samples prevented spattering and increased the extent of oxidation of the more intractable compounds from 70-80 to 90-100~o. Whenever analyses o i pure compounds were carried out, 2.5 ml. of the medium were routinely added to aid the oxidation.
RESULTS

Uptake of sulphur amino acids
Accumulation by the yeast of the various compounds under study was assessed from the percentage loss of sulphur-35 from the incubation medium. This was generally preferable to determination of the direct appearance of sulphur-35 in the yeast, since the latter requires careful washing of the yeast to free it from residual radioactivity of the medium. Comparisons were made under various conditions of the sulphur-35 which appeared in the yeast with that which disappeared from the medium. The close agreement between the two with all the labelled compounds tested justified the use of determinations made on the medium. Determinations on the yeast were, however, carried out in the trichloroacetic acid fractionation experiments described later.
Time curves were obtained for the uptake of inorganic sulphate and six sulphurcontaining amino acids a t several concentrations in the medium over a 4 hr. period a t 30" Fig. 1 shows the results obtained a t 0.312 mM (equivalent to 10 mg. S/l.). Four distinct patterns of accumulation were observed: (i) The uptakes of sulphate and L-methionine were similar in that they increased steadily with time, resulting ultimately in virtually complete removal of each compound from the medium. Methionine accumulation was considerably more rapid than that of sulphate, and was also greater than that of the other sulphur compounds so far tested. (ii) LCystine was not taken up by the yeast to any significant extent, and L-cysteine was taken up only a t a very slow rate. (iii) DL-Ethionine accumulation took place for a period of about 1.5 hr., during which never more than 40y0 of the amino acid was removed from the medium. The labelled sulphur taken up was retained in the yeast during the remainder of the 4 hr. experimental period. (iv) The uptakes of S-methyl-L-cysteine and S-ethyl-L-cysteine showed characteristic features. The sulphur of these compounds was taken up rapidly for an initial period of about 1 hr.
and there was then a rapid release of sulphur-35 back into the medium, amounting to 75% of the amount initially taken up in the case of S-ethylcysteine (0-312 mia) and 48% in the case of S-methylcysteine (0.312 miv). With lower concentrations of S-ethylcysteine, more than 90% of the sulphur taken up was subsequently released.
The uptakes of all the compounds examined were unaffected by the presence of sodium fluoride (0.5 mM) but were markedly decreased by sodium azide (0-5 mM) or 2,4-dinitrophenol (0.5 mM) and were negligible at 0" (see Table 1 ). Yeast growth during the 4 hr. experimental period was small. No detectable growth was observed for the first 2 hr. and after 4 hr. it amounted to an increase on a dry weight basis of never more than 18-20y0. Relation between amino acid uptake and concentration in the medium. Fig. 2 illustrates the effects on the accumulation of methionine, ethionine, cysteine and S-ethylcysteine of different concentrations of each compound in the medium, from 0.156 to 3.12 mM (equivalent to 5-100 mg. S/l.). Data for inorganic sulphate is also given for comparison. The lengths of the uptake periods were chosen to allow for substantial but not maximum uptake. Over this concentration range the uptake of sulphate was increased only slightly (40%) and that of methionine was about doubled. On the other hand, there was a much greater accumulation of the other amino acids, amounting to as much as a 23-fold increase in the case of cysteine. It will be noted that above 0.312 mM the uptake/concentration relationships for methionine, ethionine and cysteine were roughly linear, while S-ethylcysteine accumulation became maximal at about 1.56 mM. as amounting to 10% of the total water in the yeast when prepared in the manner described earlier. No allowance as made for any metabolism of the amino acids which might have taken place. Table 2 shows the extent to which the yeast concentrated the sulphur of the labelled compounds after a period of 0.5 hr. when they were present in the medium at 0.312 mM. Methionine was clearly the most readily accumulated amino acid a t the external concentration chosen, but at 3 -1 2 m~, owing to the greater sensitivity of uptake of the other amino acids to increase in concentration, the difference was not so marked and a t the higher concentration methionine accumulation after 1 hr. was only twice that of ethionine.
DL-E t h ion
Competition studies The effects of several compounds on the uptake of the sulphur amino acids was examined. The compounds used were chosen for their structural or metabolic relationships with the amino acid in question, and were added to the medium a t the same concentration as the sulphur amino acid and a t twice, five times and ten times this concentration. The labelled amino acids were added to 0.156 mM except for cysteine, which on account of its low rate of up,take, was added to 0.312 mM. The periods of uptake were chosen to provide substantial but not maximum accumulation. The results are summarized in Tables 3-7 . For each of the five sulphur amino acids studied only a few compounds produced any significant effects on their accumulation, and then only when the molar ratio of added compound to sulphur amino acid was high (five to ten times greater). Yo Decrease in methionine uptake Methionine sulphoxide, methionine sulphone and ethionine were about equally effective at a ten-fold molar concentration in decreasing methionine uptake by half (Table 3) ; homocysteine also decreased uptake slightly, but S-methylcysteine and a-aminobutyric acid were ineffective. A mixture of eighteen commonly occurring a-amino acids, each equimolar with respect to methionine, was also without any marked effect. Methionine was the only effective inhibitor of ethionine accumulation, and then only when present a t a five or tenfold concentration (Table 4) .
In examining related thiols which might be expected to inhibit cysteine uptake, it was found that whereas homocysteine was without effect, reduced glutathione produced a distinct and reproducible increase in uptake (Table 5) . In a series of six experiments increases in cysteine uptake ranging from 64.4 to 80.7% were Table 3 . 
uptake of ~-[~~S ] c y s t e i n e ~-[~~S]Cysteine 0-312
by a brewer's yeast mM. Uptake period 2 hr. Other details as in Table 3 .
Molar ratio compound/cysteine
Compound added Na,SO, DL-Homocysteine Table 3 .
Molar ratio compound/methylcysteine Sulphur amino acid uptake by yeast produced by 3-12 mM reduced glutathione. S-Methylcysteine and S-ethylcysteine were effective in decreasing the uptake of each other (Table 6 and 7) while neither methionine nor ethionine influenced S-methylcysteine uptake. The effects on the uptake of S-ethylcysteine of several compounds tested were variable but not very large. In experiments reported earlier (Maw, 1961c ) the effect of S-methylcysteine was less marked than that shown in Table 7 , and methionine was found to be without effect. Intracellular distribution of accumulated sulphur The distribution, between the cold trichloroacetic acid (TCA)-soluble and TCAinsoluble fractions of yeast, of the sulphur of methionine, ethionine and cysteine was determined in the presence and absence of compounds which influenced their uptake. The added compounds were present at ten times the concentration of the labelled sulphur amino acid. The data from a series of duplicated experiments are summarized in Tables 8-10 . It will be seen that for all three sulphur amino acids there was some incorporation of labelled sulphur into protein, although the use of different uptake times precludes any quantitative comparisons. The effects of ethionine and methionine sulphone on methionine uptake were markedly to decrease the entry of sulphur-35 into the TCA-soluble fraction, while incorporation into protein was not significantly affected (Table 8 ). In the inhibition
G. A. MAW
of ethionine uptake by methionine (Table 9) quantitatively the major effect was again to decrease the entry of sulphur-35 into the TCA-soluble fraction, although the small incorporation of ethionine-sulphur into protein was also virtually abolished. The ability of reduced glutathione to enhance cysteine accumulation was likewise primarily an effect on the entry of sulphur-35 into the TCA-soluble fraction. In addition, there was an increase in appearance of sulphur-35 in the protein fraction (Table 10) . Release of S-ethylcysteine-sulphur from yeast Attempts were made to examine the labelled sulphur released back into the medium following the accumulation of S-ethylcysteine by the yeast. Batches (10 ml.) of medium from flasks containing 0.312 m M S-ethyl-~-[S%]cysteine which had been shaken with yeast (2% wet weight pressed yeastlvol.) for 2 hr. a t 30' were pooled, centrifuged and loaded on to a column of Zeo Karb 225 resin (Hf form). The column was washed twice with 25 ml. water and the eluates collected separately. The column was then eluted with N-HC1 and the eluates collected in 25 ml. fractions in beakers, were evaporated to dryness and checked for radioactivity under a thin-window Geiger-Muller tube. Virtually all the radioactive material present passed straight through the column together with the glucose of the medium and appeared in the initial water washings. This contrasted with the behaviour of a 0.312 mM solution of labelled S-ethylcysteine in medium added directly to the column. In this case, the radioactivity was retained on the column, was not removed in the water washings, but appeared in the first three fractions together with the bulk of the salts following elution with acid. This suggested that after being shaken with yeast, the medium contained S5S-labelled material differing from the S-ethylcysteine initially present. Further experiments were carried out by paper chromatographic methods.
The centrifuged yeast-treated medium was streaked on to 3 in. wide strips of Whatman 3 MM paper and chromatographed with rz-butanol +acetic acid +water (4 + 1 + 5 by vol.) as solvent. The chromatograms were then cut into 1 in. wide strips and scanned for radioactivity by using a windowless gas-flow counter. The strips showed two and sometimes three radioactive bands which were rather broad owing to the appreciable amounts of glucose and salts present in the medium. The bands were cut from the strips and eluted with water. The eluates, now largely separated from glucose and salts, were evaporated to small bulk under reduced pressure and chromatographed in the four solvents : A, n-butanol +acetic acid + water (4 + 1 + 5 by vol.) ; B, rz-butanol + ethanol + acetic acid +water (10 + 10 + 2 + 5 by vol.) ; C, pyridine +methanol +water (1 + 20 + 5 by vol.) ; D , phenol +water (4 + 1 by vol.). When the strips were scanned for radioactivity they all revealed bands corresponding to unchanged S-ethyl[ 35S] cysteine. In addition, in solvents A and B, there was a further major band and one minor band, both with higher R, values than S-ethylcysteine, indicating the presence of at least one new labelled compound in the medium. Chromatograms run in solvent C also showed a second major band running faster than S-ethylcysteine and a minor band of lower RR value. In solvent D no resolution occurred and only one band was obtained. Owing to shortage of material the second major labelled component of the medium has not so far been further examined.
DISCUSSION
The ability of yeasts to accumulate amino acids has been described by a number of workers. The process requires an energy source such as the fermentation of glucose (Taylor, 1949; Davies, Folkes, Gale & Bigger, 1953; Halvorson & Cohen, 1958; Eddy & Indge, 1961) , and aerobic conditions (Massin & Lindenberg, 1958) . It is temperature dependent and is blocked by such metabolic inhibitors as azide and 2,4-dinitrophenol (Halvorson, Fry & Schwemmin, 1955 ; Halvorson & Cohen, 1958) . In several studies amino acid accumulation has been shown to be inhibited by the presence of other amino acids (Taylor, 1949; Halvorson & Cohen, 1958; Massin & Lindenberg, 1958) . The amino acids so far studied include arginine, glutamic acid, glycine, lysine, phenylalanine, tyrosine and valine, but no information appears to be available for the sulphur-containing amino acids. In the present work, experiments with a brewer's yeast and six S5S-labelled sulphur amino acids showed marked differences in the way these compounds were taken up. L-Methionine was accumulated more rapidly than any of the other compounds, and entry into the yeast continued until this amino acid was exhausted from the medium. In contrast, there was no detectable accumulation of L-cystine, and L-cysteine entered the yeast only very slowly unless present in the medium in high concentration. This would explain why cysteine and cystine are poor sources of sulphur for the growth of this yeast.
The uptake curves for S-methyl-L-cysteine and its analogue, S-ethyl-L-cysteine, showed that these compounds were rapidly accumulated by the yeast for a short period of time, after which a large fraction of the sulphur taken up was released back into the medium. Preliminary experiments with S-ethylcysteine indicated the presence of at least one compound distinct from S-ethylcysteine which contributed to the released sulphur; the identity of this metabolite has not yet been established. The data on DL-ethionine illustrate a further mode of uptake. The yeast was able to remove only part of the amino acid from the medium, but the sulphur of this was retained by the organisms, in contrast to that of S-methylcysteine and S-ethylcysteine.
The accumulation of the sulphur amino acids was temperature dependent and sensitive to the presence of metabolic inhibitors. An appreciable amount of the sulphur of methionine, cysteine and ethionine which entered the yeast became associated with the protein fraction. In 2 hr. as much as 40% of the cysteinesulphur appeared in this form; with methionine, 17% of its sulphur was incorporated within 20 min.
The effects of other sulphur compounds and amino acids on the accumulation of the sulphur amino acids under study suggest that the transport mechanisms involved are fairly specific, since in every case only compounds which were closely related in structure to a given sulphur amino acid produced any change in uptake, and then only when present in considerably greater concentration. Thus ethionine, methionine sulphoxide and methionine sulphone depressed methionine uptake appreciably, in contrast to such related compounds as S-methylcysteine and aaminobutyric acid, as well as a variety of other a-amino acids. Again, methionine was the only effective inhibitor of ethionine uptake, and S-methylcysteine and S-ethylcysteine were likewise mutually inhibitory. These very restricted competitive effects may be compared with the conclusions of other workers (Taylor, 1949;  Halvorson & Cohen, 1958; Massin & Lindenberg, 1958) who found that the amino acid-uptake mechanisms operative in the yeasts which they used were decidedly less specific.
The ability of reduced glutathione to enhance cysteine uptake seems unlikely to be simply a protection of the cysteine-thiol group against oxidation in the medium, since it was not produced by homocysteine. Furthermore, it appears to be a specific effect since reduced glutathione had no influence on the uptake of methionine, ethionine or S-methylcysteine. The inhibition of methionine accumulation by ethionine and methionine sulphone and of ethionine accumulation by methionine were primarily effects on the appearance of the labelled amino acids in the nonprotein-sulphur fraction of the yeast, that is, they occurred a t the stage of transport of the labelled amino acids into the cell. In addition, methionine was able to suppress almost completely the small incorporation of ethionine into protein. The increase in uptake of cysteine produced by glutathione was also primarily an effect on the transport process. This was associated with a significant increase in incorporation into protein, which might have been due to the increased availability of cysteine within the cell.
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